Thick (8 mm) Al-Si films both on poly Si (0.5 mm thick)/SiO 2 /Si and SiO 2 /Si substrates were subjected to cyclic current application or cyclic heating and cooling. Both the cyclic current application and the cyclic heating and cooling led to specimen surface roughening. The average roughness increased with the number of cycles, but the extent of roughness for the former was much larger than that for the latter. These results correspond to the fact that grain size and texture for the latter are two times larger and more [111] oriented than those for the former, respectively. According to Electron Back Scattering Pattern (EBSP) measurements, grains with an orientation deviating from [111] were found to deform heavily during the cyclic current charging or heating, resulting in grain extrusion on the surface.
Introduction
Electronic devices, such as insulated gate bipolar transistor (IGBT) modules are major power devices for the inverter equipment of traction motor drives and vehicles such as automobiles. In order to realize large current IGBTs, modules on which many chips are assembled in parallel must be developed. For this, one side of a chip should be connected to a common electrode by soldering processes, and the other Al-1 mass%Si film electrode side of the chip should be connected to another common electrode by an ultrasonic thick Al wire bonding technology. 1) In usual, thick 6-8 mm Al-1 mass% Si films were deposited on an IGBT chip by sputtering process for thick Al wire bonding capability and for large current application.
As modules are composed of different materials with different thermal expansion coefficients, thermal stresses are induced at wire bonds and Al-Si films.
Al wire bonds have been reported to fail due to thermal fatigue during operation of inverters. 1) A SEM micrograph of Al wire bonds and an Al-1 mass% Si electrode film around wire bonds of the IGBT chip after the operation of invertors is shown in Fig. 1 . Because thermal expansion coefficients of the constituents are different, 23 Â 10 À6 K À1 (Al) and 2:5 Â 10 À6 K À1 (Si), 2) thermal stress is generated by heating or cooling at both the joints and Al-1 mass% Si electrode films on a IGBT chip.
Fracturing at the bonded region caused by cyclic thermal stress has been observed. Onuki et al. have reported that such fatigue cracking would be suppressed when cyclic temperature fluctuation during operations is kept lower than 40 K. 1) They show that fatigue cracking occurs inside a bonded Al wire, not along the bonding interface. They also show that bonding strength depends on the film quality and increases with decrease of Al film hardness. 3) On the other hand, it is also important to understand how the thick Al-1 mass% Si electrode films on the IGBT chip behave during heating and cooling cycles from the view point of reliability.
Interfacial deformation behaviors of very thin Pb, Al and Cu films less than 0.7 mm on Si or SiO 2 /Si substrates have been investigated. [4] [5] [6] [7] They reported that film deformation was generated through the thermal stress relaxation by plastic deformation of films.
However, the deformation behaviors of such a thick, i.e., 6-8 mm Al-1 mass%Si electrode films for power devices have not been reported up to now. If Al-1 mass%Si films around the Al wire bonds deformed so hard that some grains extrude from adjacent grains, electro migration of Al-Si films around the Al wire bonds are likely to occur, resulting in the failure of an IGBT modules.
In the present study, effect of texture and grain size on the deformation behaviors of sputtered thick Al-1 mass% Si films during cyclic heating and cooling cycles have been investigated to clarify the film structure for depressing the deformation of Al-1 mass% Si films and for enhancing the reliability of IGBT modules. 
Experimental
The 8 mm thick Al-1 mass%Si films were sputter deposited onto both poly Si (0.5 mm thick)/SiO 2 /Si and SiO 2 /Si substrates at 573 K. Base and sputtering pressures were 1:3 Â 10 À5 Pa and 4 Â 10 À1 Pa, respectively. Grain sizes and textures of above sputtered Al-1 mass% Si films were evaluated using FE-SEM and EBSP analysis.
Two kinds of reliability tests were done. One is the heating and cooling cycles using electric furnace with temperature fluctuation ÁT of 170 K (228 K-398 K).
The other reliability test was done in what follows. IGBT chips were assembled to modules by soldering and wire bonding. After that, a pulsed electric current was applied to the IGBT modules repeatedly (power cycle test). A peak current of 300 A was applied to the modules for 2 s and then current was stopped for 6 s. This operation was repeated so that junction temperature change ÁT j was controlled at 100 K (308 K to 408 K). After cyclic testing, the IGBT module was disassembled and microstructures were evaluated.
The roughness change on the thin film surface before and after the test was quantitatively measured by using a confocal laser scanning microscope, where the average roughness was determined.
The cross section and the surfaces of the tested samples were observed using an FE-SEM and EBSP analysis was also done to obtain orientation distribution maps. The threshold angle to identity the grain boundary was set at 5 degrees. Figure 2 shows a SEM micrograph at the periphery of Al wire bonds after power cycle test. In this test, ÁT j was set as 100 K and the number of cycles was 10000 cycle. Irregularities are clearly seen around the grains of Al-1 mass% Si electrode film after power cycle test as shown in the magnified SEM micrograph (b). These irregularities near the grain boundaries would be generated by the relative motion of each grain due to expansion mismatch between Al-1 mass%Si electrode film and Si during heating and cooling cycles in the power cycle test. These irregularities would cause exfoliation of grains from the Al-1 mass%Si electrode film and would degrade electro-migration resistance of Al-1 mass% Si electrode film. Hence, it is very important to know how we can suppress the deformation of each grain for the enhancement of the reliability of an IGBT module. Figure 3 shows SEM micrograph and EBSD result of Al-1 mass% Si electrode films sputtered onto poly Si/SiO 2 /Si substrate. It is seen the film consists of random orientation grains from [111] to [001] . The average grain size is 7.3 mm. Figure 4 also shows SEM micrograph and EBSD result of Al-1 mass% Si electrode films sputtered onto SiO 2 /Si substrate. It is seen that the film consists of preferred orientation which is close to [111] . The average grain size is 13.9 mm, i.e., about two times as large as that for Al-1 mass% Si electrode films on poly Si/SiO 2 /Si substrate. These results show texture and grain size are very dependent on the substrate materials.
Results and Discussion

Observation of the periphery of Al wire bonds
EBSD observation of Al-1 mass% Si electrode films
3.3 Deformation of Al-1 mass%Si electrode film during power cycle and temperature cycle test Figure 5 shows SEM micrographs of Al-1 mass% Si electrode films both on poly Si/SiO 2 /Si ((a) 5000 cycle and (c) 20000 cycle) and SiO 2 /Si ((b) 5000 cycle and (d) 20000 cycle) substrates after power cycle test (the cyclic current application test) for ÁT j of 100 K. As reported by the previous researches, 4-7) the surface becomes rougher as shown in Fig. 5 after the cyclic current application test. Areas near the grain boundaries deform by relative motion of each grain, resulting in irregularities near the grain boundary after 5000 cycles of the cyclic current application test ((a) and (b)). With increasing the number of cycle, the plastic deformation region expands from grain boundaries to the inner parts of grains and the surface roughness becomes larger with the number of cycles, i.e., 5000 to 20000, both at poly Si/SiO 2 / Si ((c)) and SiO 2 /Si ((d)) substrates. Figure 6 also shows SEM micrographs of Al-1 mass%Si electrode films both on poly Si/SiO 2 /Si ((a) 500 cycle and (c) 1500 cycle) and SiO 2 /Si ((b) 500 cycle and (d) 1500 cycle) substrates after the cyclic heating and cooling test for ÁT of 170 K without current application. The trend found in Fig. 6 is quite similar to that in Fig. 5 , implying that just the heating and cooling history is the origin of surface roughness. That is, hardly any influence by electric current charging itself is recognized.
Roughness of sputtered film surface measured with
a confocal laser scanning microscope Figure 7 (a) shows a top view in which a scan line and related roughness are indicated. The roughness along the scan line is re-drawn in (b). Such roughness profiles were collected and then a three-dimensional map was constructed in (c).
Change in the averaged roughness with the cyclic current application with ÁT of 100 K is shown in Fig. 8 by a factor of 10 compared to the initial state. It is also clear that the slope of the roughness increase of Al-1 mass%Si electrode films on poly Si/SiO 2 /Si substrates is larger than those of Al-1 mass% Si electrode films on SiO 2 /Si substrates at 20000 cycles. poly Si/SiO 2 /Si substrates is much larger than those of Al-1 mass% Si electrode films on SiO 2 /Si substrates and the roughness of Al-1 mass%Si electrode films on poly Si/SiO 2 / Si substrates is amount to about two times as large as those on SiO 2 /Si substrates at 1500 cycles. These results correspond to the fact that [111] texture orientation and grain size of Al-1 mass%Si films on SiO 2 /Si substrates are higher and larger than that on poly Si/SiO 2 /Si substrates as shown in Figs. 3 and 4. 3.5 Texture investigation of Al-1 mass%Si films after the cyclic current application test using EBSD Figure 10 shows a SEM micrograph for a cross-section of the Al-1 mass%Si sputtered film onto poly Si/SiO 2 /Si substrate after 13500 cycles of current application test. It is seen that Al-1 mass%Si film was heavily deformed after power cycle test. The amount of plastic deformation seems to differ from grain to grain. Furthermore, extrusion of grain is also found. Hence, it is very important to know the reason why extrusion of the grain occurred through the texture investigation.
Then, the relationship between plastic flow and crystal orientation was examined by using EBSP.
EBSP results obtained for the specimen along the X-axis after 15091 cycles are presented in Fig. 11 . It is found that the grain indicated by an arrow is unique. That is, the The observations in a wider region revealed that extruded grains were always found to show orientations different from neighbor grains.
Estimation of thermal stress
Thermal stress in the sputtered film is roughly estimated here. The two-dimensional plane stress condition is assumed and then the constitutive equation is given by Hooke's law. 
Here, " zz ¼ Àð" xx þ " yy Þ, E is the Young's modulus and is the Poisson's ratio. When an Al film/Si substrate is heated by ÁT, thermal misfit strain " T would be generated:
Inputting 23 Â 10 À6 for Al , 2:5 Â 10 À6 K À1 for Si . 68 GPa for E, 0.355 for , and 100 K for ÁT, and
Although this is a quite rough estimation, the magnitudes of xx ¼ yy ¼ 216 and zz ¼ 0 (MPa) are enough to induce plastic flow in Al, particularly at elevated temperatures.
Because thermal expansion and elastic deformation depend on the crystal orientation, heterogeneous stress distribution would be caused on heating or cooling. If a sputtered film consists of small grains with random orientations, the local stress near grain boundary would become higher to induce local plastic flow to relax the internal stress. Such heterogeneous plastic flow must bring a rough surface. On the other hand, if the texture is well evolved to nearly [111] and grain sizes are large, the distribution of local thermal stress would be suppressed. Hence, to produce a film which is nearly a single crystal film, the formation of surface roughness should be reduced. It has been reported that a strongly [111] oriented Cu film on a Si substrate shows higher thermal stability than a randomly oriented one. 8) Hence, the texture control is suggested to reduce the surface roughness with cyclic heating, leading to the suppression of fatigue fracture in the wire bonded region.
Conclusions
The following conclusions are obtained regarding deformation behaviors of an thick (8 mm) Al-Si films both on poly Si (0.5 mm thick)/SiO 2 /Si and SiO 2 /Si substrates subjected to cyclic heating and cooling.
(1) Average grain size of Al-Si films sputtered onto SiO 2 / Si substrate was about two times as large as that for Al-Si films formed onto poly Si (0.5 mm thick)/SiO 2 /Si substrate. Textures of Al-Si films on SiO 2 /Si substrate were more [111] oriented than those for Al-Si films on poly Si (0.5 mm thick)/ SiO 2 /Si.
(2) The surface of Al-Si films both on poly Si (0.5 mm thick)/SiO 2 /Si and SiO 2 /Si substrates was roughened by the cyclic current charging due to Joule heating, similarly to the case of simple heating and cooling with a furnace. The surface roughness of Al-Si films on poly Si (0.5 mm thick)/ SiO 2 /Si substrate was found to be much larger than that for Al-Si films on SiO 2 /Si substrates after cyclic current charging, and heating and cooling.
(3) Extrusion by the cyclic current charging was fond to be observed for grains oriented differently from [111] oriented neighbor grains.
(4) It was also found that the reliability of thick Al-Si films was improved with the increase of grain sizes and population of [111] oriented grains.
